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FOREWORD

The work described in this report was conducted ander Project I W562603AO65, Flame,
ln1Cniuiary. and Smoke Technology. The work was started in Junc and completed in July 1971.

Reproduction of this documnnt in whole or in part is prohibited except with permission
of the Commanding Officer, Edgewood Arsenal. ATTN: SMUEA-TS-R, Edgewood Arsenal,
IMal v LdlV I .. I 1. U , IU.i Weyi I . DII U 1III C t IU Tl',iUiIll I liiill" I illt l I I dtJU I t ma .i l YSe .. " - ic c authiej zL• Sd, to

reproduce this document for Unite, States Government purposes.
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DIGEST

Absorption and emission spectra of impurities in solids are calculated quantum
mechanically; the lattice-impurity interaction is introduced by a configuration coordi•ate model.

images at O'K and virtually identical well above OK. The spacing of the emission transitions differs
from that of the absorption transitions and the intensities are equal to those of the absorption
spectrum at an effective temperature that involves the ratio of the excited state vibrational energy

and the ground state vibrational energy.
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SYMMETRY OF ABSORPTION AND EMISSION BAND SHAPES OF IMPURITIES IN SOLIDS

The absorption and emission spectra of art impurity ina solid consist of purely electronic

transitions (zerc, phonon transitions, or those producing no 'hange in the vibrational state of thc

lattice) and electronic transitions that occur simultaneously with changes in the vibrational state of

the lattice (phonon assisted transitions).' 3 At very low temperatLIl Cs, the "mission spectrurn 01 t1e1

impurity can be regarded as the mirror image of the absorption spectrum. Using this aspect of the I
spectra, zero plhonon transitions have bee' ide iii u i'e o arong pl, 'tm . .. ..............................

The present article concerns the extent to which this mirror symmetry of the spectra occurs.

The impurity system is treated quantum mechanically by a configuration coordinate

model in which the ground and excited states are harmonic oscillators having different vibrational
frequencies. The minimum of the excited state is displaced from that of the ground state by the
energy E0 and the configuration coordinatc q0 . Matrix elements for transitions between vibrational
levels of the ground and excited states have been derived. 6 For simplicity, the model considered
here is for small q0 , a situation which appears to be applicable to at least one impurity systeml

observed experimentally.* Within the harmonic approximation, the matrix elements for transitions
in this system 7 have been combined with appropriate Boltzmann factors to gi;e the absorption
spectrum:

7
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*Kelley, C. S., and Williams, F.E. The Near It'trared Optical Absorption of ZnS: Cr. Submitted for publication in Physical Review

(Soptemb~r 1971).

Kelley, C. S., and Williams, F.E. Phys. Rev. B2, 3 (1970).

2 Williams, F. E. J. Chem. Phys. 19,457 (1951).

3 Vallin, J. T., Slack, G. A., Roberts, S., and llughe,, A E. Phys. Rev. B2,4313 (I970).

4 Ham, F. S., and Slack, G.A. Phys. Rev, B4, 777 (1971).

5 Slack, G. A., and O'Meara, 13. 4. Phys. Rev. 163, 335 (1967).
6 Kell, T, H. Phys. Rev. 1,10, A601 (1965).

7 Kelley, C. S. EATR 4426. A Simplified Expression for Oscillator Strengths of'Transitions Between Different Quadratic Modes
of a Configuration Coordts1te Model. Augu:,t 1970. UNCLASSIFIED Report.
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Th rb IyoFi o r p nat izh c onrgy F n eneaIue s I J), where Cis if onstant

sletat ,cI 0o jildu c c ol-!otI at oI h r u dsit ii týi tIi aet e( lnftIII iI f

Beciusi' lhh wavei~nctions are real, the matrix elements lor emission are thte same as

those 1for absorption. U.sing the iBoltmarin flactor appropriate to the excited state, the probabilityI

r)/-i

01-',0  1 (f)c1 2

It will hbe seen f'rom-i equavtions I and 2that the absorption and emissionl Spectra are qu1ite similar.
The differences occur iii: I I ) the Boltzmnann factors and (2) the spacing., cit the transitions.

The vxpressions for Pa and 11 ait T :-- OK simplify to

Pa(ff, 0" K) C'< ~ ' )1>2 2/jf j (2m)! )2 n

a(I +R) E 4'n(mj! 2 \I+ R

andn

Oc

11 01

v~l + . ( 2hw1~)n i.

whecre in 21', n =2i, and bo0th can aSSume11 all positive int eger val Lies. 'H ihe enegy FE, 1:0 + L(1 Wiw
locates the z~ero phonon transition.
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The. ai~s('rption mid vlliussioll spectra ;0t 1 0"K 1")li ill n' a 're m Il 1'pos c~ l *'111 1pr
for the catse of' R= 1.3. The ordinaite is log1 flea 1ýl ( I~a < 1 a'ý" I "b" ;~I I Iiii lov, 0~~> V(~

I~~~~~~jc<~~~~~~~ . 1,l ~ e lbsc issa is (I., -o /21uu 11!isitin:pcrif,(~il' .s: it
Choge transitions onl the high Cliergy dulL oF (a1nil including)) C~L C) 0' C)ransit ioul. 'Fill: cillissiJol
sr'ectruinl.tdeloted t'- ik. onsi.Kts ot those 1Cranuitl iou.s oil file low viiereside oH(~iiii inc 1(iidLY Iii.' te0C --

tianlsition. The intensities of Corres;pond~ting ab~sorptionl and emIlissionl linles are equal., al (oiseguencli- or
Iý 'K he zer~o phionon transition isc Cm :tlion, ;o both sp"C [it raand o~kLV siat the overlap of the spectra.

The: nirror synlnefiy of thie absorpt101iii and iiiS~iOii speLctra; is 11iiarri Oil oly by 11ic Sýilciilg 0n' lie0
fr~nr:;tiows. TIhe spacing of' the absorption transitions is 1.3 1 noes that ol'tllw emiissioni tranisit ions, aind,

*inl general, ait 1' -- OK, life railo of' the spacing (If' absorptionl trnsit ionls to the spacing of' emission
* Irajisitionls is R.

This mirror symmetry is altered when T4' O'K, as deuitianstraf Ld in f'iguires 2and .. 'iliese and
subsetkoent figures were obtained through11 (aletiltiol feifos ad2b einne.Fi bcsa

*inl these ri1gures are lRf-i, the( ordiml fes alre eithei Ila or P, .As indicated bly the figulreS, tile dohiu~iuiat
fransitimiis at. T =0 are f'or i+-+f' = i. Tlhere is tin iiriror symnimetry, lind I lie only ufifTereciec inl the
absiorpt ion and enmissio n spectra is thatt the eminissioni spec tnt nni may I ic regitr led ats flbe abhso rptCioni
spectrumi ,it anl offoctive Ceniperatutre Tn '1f/R (refecr to1 the lioltzniu I aiifctors inl cimtinit os 1 and2)
Absorption and emission spectra atCTý 110 are shown inl figures 4 anll 5 and al-;o illustrale i his point.

The transition antensitics cluisterilntoii roupls chara~ectrizedI by 1 -l U12k, where k =0, I 2. 2_ . .

(see figures 2 through 5 anrd especialfly figures 4 and 5'. The initensity ol i a pail icular transition is a1
1)allnLt I etween the overlap Of' the ground stale and excited l- u waveftinef ions (i.e.. ai simall k

asmalli producesa large lineintensity). Becaust. flt: most intenise inLsat T» O'K tire those for which
i= 1,, the transition intensit y is more highly dept rident on k than i on the Bloltzmainn factor.

The above statements regarding dhe lack of miirror syinunefry :Ire unchange',d itR < I that is.
if it' h excited state vibrationid levels are more closely spaei'd OMi 11os of10S (thte ground state, For R<I

intnsiiesandspacings ofth rnitosrfetnthchneilRTs otino'eslcrii klý
to te tator(Rf-i)hwi in the delta [and ~iolns Of' LIluat iOns I and 2 For both R > I and R < I , the
spetradislayclustering by h values. For Rl= I ,bhoth the absorption miltd emiissioni spectra conmsist ol'a

From the absorption (oi' emission) spectrum ait IT &) K, the sepuratioii inl energy of'the zerio
mid iirst phionon assisted transitionls, R11W 1, and thle ratiO of'their hiiit nsitics, (I - R)2/2(1 4 + )2 ,can hle
usc'.tto determitic Itand o1 and thereby wt.,
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Figure 1. Absorption (i f) and Emission (i f) Spectra at 00 K, Illustrating
the Near Mirror Symmetry of the Spectra
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Figure 2. Absorption Spectrum at T = 0 for R = 1.3
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Fign-ve 3. Emission Spectrum at T = 0 for R = 1.3
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Figure 4. Absorption Spectrum at T = 10 for R = 1 .3
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Figure 5. Emission Spectrum at T I110 for R -1.3
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